In recent years, annexins have been discovered in several nematodes and other parasites, and distinct differences between the parasite annexins and those of the hosts make them potentially attractive targets for anti-parasite therapeutics.
sequence in some repeats is compensated for by basic and hydrophobic residues on the convex, membrane-binding side which interact with the membrane directly. [12] [13] [14] Our preliminary studies on some parasite annexins indicate a similar situation prevails. [15] Some mammalian annexins as well as alpha giardins have been reported to possess lectin properties. [16, 17] This ability to interact with oligosaccharides is of particular interest, for it is hypothesised that externalised parasite annexins may use glycosaminoglycan binding as a means of attachment to host tissue. Our ongoing studies with alpha giardins, and schistosome and tapeworm annexins indicate that this is not a commonly shared property among parasite annexins ( [15] and Osman et al., unpublished).
Annexins of Parasites

Protista
The protists are unicellular eukaryotes and represent the stem group for evolution of all multicellular eukaryotes. Annexin evolution generally follows that of protists and multicellular clades. [6] A annexins are found in most protist clades, but are apparently absent from euglenozoans (kinetoplastids and euglenids) and radiolarians. Annotation search of the genomic datasets of the expression of this annexin in choanocytes and archeocytes enables early differentiation of the primitive lining cells to be traced. Phylogenetic analysis of annexin amino acid sequences ( Figure   2 ) from a range of lower invertebrates including T. adherens indicated an early bifurcation of placozoan annexins, but there was insufficient evidence to suggest the placozoan proteins are paralogous.
Annexins in nematodes: the free-living Caenorhabditis elegans and parasitic species
Four annexins, named nex-1 -4, have been identified in the free-living nematode C. elegans. [31] While nex-1 and nex-3 are expressed continuously in the developmental stages of C. elegans, the expression of nex-2 and nex-4 was reported to be only temporal. [32] The highest expressed member of this protein family, nex-1, is present in many structures in the worm. [33] Ultrastructural studies of nex-1 showed it to be localised to the spermathecal valve, a structure that represents the final gate for the egg on its passage from the ovary to the spermathecal chamber. Since the cell must stretch open to enable passage of the egg, the surrounding membranes are folded up and need to unfold to provide the required surface area for the expansion. Nex-1 has therefore been hypothesised to mediate the reversible membrane contractions required for the valve action, [34] very much reflecting what was already proposed for mammalian annexin-membrane interactions (e.g. endoand exocytosis). While nex-1, -2 and -3 have been shown to possess lipid binding and lectin properties, nex-4 displays neither such capacity. [32] Annexins of animal-parasitic nematodes have been poorly investigated, and only two annexins of plant pathogenic nematodes have been described. An annexin from the potato cyst nematode Globodera pallida has been found in the reproductive organs, [35] reminiscent of nex-1 localisation in C. elegans. The soybean cyst nematodes Heterodera glycines and H. schachtii secrete an annexin through their secretory cells of the oesophageal gland. [4] Cumulative evidence indicates that these secreted annexins act to down-regulate plant responses to invading pathogens, thereby enhancing the survival prospects of the invading worms.
Recent genomic sequencing of the filarial nematode Brugia malayi, an agent of human filariasis, has uncovered a range of annexins. [36] Phylogenetic analyses of some invertebrate annexin sequences suggest that of the Brugia annexins, ANX(Bm)2 bifurcates as a probable orthologue with nex-4 of C. elegans (Figure 2 ). Nex-4 is expressed early in development, with highest levels found in first stage larvae. [32] Although the functional relevance of nex-4 is undetermined, there is the possibility of the existence of annexins specific to the microfilarial stage of filarial nematodes, functional characterisation of which may shed light on the biology of microfilariae in their human hosts and their early development in mosquito vectors.
Platyhelminthes -Cestoda
Cysticercosis, a human disease caused by infection with C. cellulosae, the metacestode (larval or cystic stage) of the pig tapeworm Taenia solium, is of major significance as a human disease and for the economic losses it may cause in developing countries. Although humans serve as the definitive host, harbouring tapeworm adults in the intestine, they can also act as intermediate host, and carry the metacestode in various tissue sites, notably the central nervous system, muscles, subcutaneous tissue and the eye. [37] Human patients suffer from highly debilitating effects such as blindness, epileptic seizures, and brain lesions. [38] Annexin B1 was identified in the cyst stage of T. solium, [39] and its expression seems to be tissuedependent. [40] Its existence in cystic fluid, as well as in host tissue surrounding the region of infiltration and in the host serum suggested the protein is secreted. Taenia annexin B1 was reported to induce calcium-dependent apoptosis of eosinophils. [5] Notably, annexin A1 of mammals is known to act as one signal presented by apoptotic cells to induce their removal by phagocytes. [41] Taenia annexin B1 may thus act to mimic a common host pathway to reduce the inflammatory response to cysticercosis. Two more annexins, B2 and B3 have been identified in T. solium, and based on available ESTs, further annexins probably exist in this species. All Taenia annexin sequences bifurcate with schistosome annexins, 1,3, and 5/6 (Figure 2 ), which are predominant in the epithelia of the tegument (body lining) and other epithelia of these blood flukes. [42, 43] 
Platyhelminthes -Digenea
Schistosomes are the most important of the human helminths in terms of morbidity and mortality, and a recent meta-analysis by King assigned 2-15% disability weight to this human disease.. [44] Recent estimates of the global disease burden for schistosomiasis indicate that some 207 million people are infected, with over 750 million people at risk. [45] Annexins are particular noteworthy as surface associated molecules of adult schistosomes. These blood flukes are protected in their human host by a highly ordered syncytial cytoplasm, the tegument, that performs multiple functions of protection, immune evasion, nutrition, and signaling. [46] The surface membrane of the tegument is covered by an additional trilaminate membrane layer, the so-called membranocalyx. The structure and composition of the membranocalyx remains unclear at present, but among its functions is an unusual property of sequestering glycolipids from host erythrocytes. [47] It is currently proposed that the membranocalyx provides a physical barrier that protects the parasite from immune attack.
In a proteomic study using surface biotinylation, a paucity of proteins was revealed in the membrane-membranocalyx complex of the schistosome tegument. [42] Among the few proteins present are tetraspanin 2 (TSP2), annexin, and a secreted protein of unknown function, Sm29. ANX(Sm)3 and its orthologue from S. japonicum, ANX(Sj)3 were among the most abundant proteins found in surface membrane extracts. [43] Two other less abundant annexins found at the surface of S. japonicum were ANX(Sj)1 and ANX(Sj)5. [43] Annexins are likely to be an abundant surface-related molecule of digeneans, as the human liver fluke, Opistorchis viverrini, also expresses abundant surface annexins. [48] Draft genomes for S. mansoni and S. japonicum have recently been reported and a first pass annotation is available (http://www.schistodb.org). [49, 50] In a recent survey of the databases, we identified 14 annexins from S. mansoni, 6 from S. japonicum and 1 from S. haematobium.
Of these, it is known that schistosome annexins 1, 3 and 5 are expressed in the tegument of the adult parasites. [42, 43] A tissue-specific transcriptomic survey of female S. japonicum indicated that different annexins were expressed preferentially by different cell types, with the gut lining expressing annexins 1 and 5, while the vitelline gland expressed annexin 4.
[51] The abundance of annexins 1 and 5 in the gut and tegument suggests that these molecules may be epithelial annexins in these parasites.
Platyhelminthes -Monogenea
Monogeneans are skin and gill parasites of fishes, with a simple one-host life cycle. The 
Unique structural features of parasite annexins
From the structure-based sequence alignment of selected invertebrate annexins (data not shown), the highly conserved annexin fold is obvious for most of these proteins. In agreement with findings from mammalian annexins, the length of the N-terminal domains is variable and only few parasite annexins with medium or long N-terminal domains are predicted to possess ordered secondary structures in these regions, including annexins (Sm)6, (Sm)7, (Sm)8, (Sj)1 and (Sj)7, as well as alpha-7, alpha-10 and alpha-16 giardin. In the annexin fold, the N-terminal domain is located at the concave, membrane-distal side of the protein, and so is the projection of the C-terminal end ( Figure   1 ). Any structural elements fused to the N-or C-terminal end of the annexin fold may thus facilitate interactions with other parasite or host proteins, and may even present potential targets for therapeutic intervention. C-terminal extensions of the annexin fold with predicted additional α- A unique feature of many schistosome and the three T. solium annexins is the unusually long linker region between repeats II and III, also observed with C. elegans nex-4, and alpha-12 and alpha-19 giardin (Figures 3 and 4) . The typical length of such linkers in annexins is about 10-15 amino acids.
In the T. solium annexins as well as in many schistosome annexins, the linker comprises between 25 and 38 amino acids. Secondary structure predictions show that the linker in annexins with 25 or more residues in that region adopts α-helical secondary structure. We therefore anticipate that these annexins possess an additional α-helical segment of about 10-15 amino acids on the concave side of the molecule which is generally believed to be distal to the membrane binding side. The threedimensional structure of this additional α-helix within parasite annexins is illustrated in the comparative model of annexin B1 in Figure 1 .
Annexins in Disease
Human genetic disorders
Annexins are ubiquitous proteins, important for the health of organisms and the term "annexinopathies" has been coined for annexin-related diseases. [53] Mechanistically, the central feature of annexins in this context seems to be their ability to provide binding platforms for other proteins on membranes, and to stabilise membrane and membrane-associated structures. An example is annexin A2 which provides binding platforms for enzymes of the blood coagulation cascade. [54] A deficiency of annexin A5 in the placenta leads to recurrent pregnancy loss, and the associated conditions of anti-phospholipid antibody syndrome and Lupus anticoagulants. [55] Very recently, the membrane repair mechanisms of homo-and heterogeneous annexin assemblies have been described which occur due to high increases in calcium after disruption of the plasma membrane. [56] 
Annexins in viral and microbial pathogenesis
Several viruses and parasites have infection strategies based on binding to proteoglycans in the extra-cellular matrix (e.g. influenza hemagglutinin, adhesins from Shiga toxin and Entamoeba histolytica). Repeatedly, annexins have been implicated in these processes at the interface between host and invader. A role for human annexins as viral receptors has been reported for cytomegalovirus and hepatitis B virus. [57, 58] 
Use of annexins as anti-parasite targets
While anti-parasite drugs offer a convenient therapy that can be effectively administered, the timely control of parasitic diseases by chemotherapy has certain drawbacks that include production costs, a requirement for repeated application following re-infection, and the induction of resistance by longterm use or lack of compliance of treatment protocols. Vaccines, on the other hand, can overcome many of these problems and offer another avenue of therapeutic intervention. There is also precedence for annexins binding small molecules, namely benzo-di/thi-azepine derivatives. [63, 64] These molecules bind to a pocket at the concave side of mammalian annexins (A3, A5), and have been shown to affect their interactions with phospholipid membranes in an allosteric manner. The pocket is formed on one side by the linker peptide between repeats II and III and is limited by the very N-terminal region on the adjacent side.
Targeting parasite annexins with small molecules may offer advantages in cases where the proteins are not accessible or are presented at the surface. The membranocalyx of schistosomes with its paucity of proteins is an example where small molecules can provide an avenue for interference when the immune response has only a short time window of opportunity during the parasite's life cycle. Given the crucial role of alpha giardins for cytoskeletal integrity of Giardia (and probably likewise the tegumental annexins of schistosomes), drugs that disintegrate ultrastructures could prove to be highly effective therapeutics.
Parasite annexins as vaccine targets
Vaccine development for the three parasite groups considered in this review is at a different stage of advancement. For T. solium, encouraging recombinantly based vaccines have, for example, been developed that are highly effective in preventing infection of pigs. [65, 66] The only available vaccine against giardiasis to date is a whole G. duodenalis trophozoite vaccine that showed variable results in cats and dogs, [67] and has not been successful in calves. [68] Efforts to find effective vaccines against Giardia are hampered by the fact that a particular trophozoite (the pathogenic stage of the parasite) is surrounded by one of 150 integral membrane proteins called Variant-specific Surface Proteins (VSPs) which protect against proteolysis in the small intestine. [69] Further candidates for Giardia therapeutics are the recently discovered non-variant cyst proteins and released metabolic enzymes. [70, 71] In schistosomes, the tegument (body wall) is the dominant host-parasite interactive region. [46, 72] Two tegument proteins, S. mansoni tetraspanin 2 (TSP2) and Sm29, are currently considered as highly encouraging vaccine targets. Antibody recognition of TSP2 and Sm29 appears to be associated with protective immunity and resistance to schistosomiasis in human populations. [72] [73] [74] [75] Experimental vaccination with recombinant peptides of these two molecules induced strong protection in experimental schistosomiasis, as measured by reduction in adult worm burdens and egg production, [75] but, as yet, neither has been shown to produce sterilising immunity nor prolonged immunological memory. Since the membranocalyx may not be a static layer but undergoes significant frequent transformation, and annexin proteins (ANX(Sm)3, ANX(Sj)3) constitute a major fraction of the proteins present in the schistosome tegument, we speculate that they could function in the control and closure of ruptures in this surface layer. This putative function for the schistosome annexins may be similar to those of their mammalian counterparts in membrane repair. In such a scenario, these proteins would also be exposed frequently to the host defence mechanisms..
The reported immunogenic properties of several parasite annexins, combined with predicted unique structural features likely exposed at the molecular level and with unique epitopes not present in mammalian annexins, may provide an exciting opportunity to pursue these antigens as vaccine targets while preventing cross-reactivity with host annexins.
Conclusions and prospects
Members of the ubiquitous protein family of annexins provide structural stabilisation, and thus are of considerable importance for the normal functioning of cellular processes. Centered around their hallmark feature of binding to phospholipid membranes, annexins fulfill these stabilising roles at membrane sites, either through mechanically reinforcing membranes, repairing membrane leaks, or providing membrane-associated platforms for enzymatic activities. Preliminary structural data available for parasite annexins to date suggest that different parasite clades possess annexins with unique properties separating them from mammalian homologues. This, coupled with the abundance of annexins in some parasites, and their likely involvement in host-parasite interactions and in host immune-modulation make them attractive targets for exploration as anti-parasite interventions.
One strategy may be to weaken or inhibit the stabilising annexin-maintained interaction networks with drugs, in order to compromise the integrity of parasites, making them vulnerable to the host defence mechanisms and combination treatment approaches. Alternatively, parasite annexins may also lend themselves as targets for the host immune response. Encouraging anti-helminth vaccines that have progressed to clinical trial include some that block tissue migration of the parasites and hence target molecules that are secreted into host tissues by the parasite. [76] It is uncertain whether helminth annexins comprise this class of molecules, but evidence from plant parasitic nematodes and Taenia suggest an immune modulatory role for annexins.
Some caveats need to be kept in mind, though, as we consider the anti-parasite potential of annexins. Firstly, it has been established that some annexins are among the most abundant molecules at or near the surface of parasites, such as the schistosomes. While it is speculated that these molecules play important roles in surface maintenance, such as in ensuring the integrity of the membrane-membranocalyx complex, it remains to be proven whether the molecules or domains thereof are sufficiently exposed for immune or drug mediated action.
Secondly, very little is known about the diversification, redundancy or mutability of parasite proteins and the impact these may have on parasite control strategies. To date, there have been relatively few studies assessing the effects of genetic mutations on the structure and function of parasite proteins. [77] Many metazoan parasites have astounding capacity for sexual and asexual reproduction, enabling allelic variations to be enhanced in populations, as exemplified by high densities of nucleotide polymorphisms in the genomes of outbred (naturally occurring) populations of schistosomes and Giardia. [78, 79] Simple mutations have thwarted continued use of some anthelminthic compounds to control nematodes, such as Haemonchus contortus, in which a single nucleotide change renders some strains insusceptible to benzimidazoles. [80, 81] By contrast, resistance in hookworms to the anthelminthic pyrantel appears to be regulated through variable transcriptional regulation of multiple family members of drug-sensitive molecules, in this case of different nicotinic acetylcholine receptor subunits. [82] Similar variable transcription of Pglycoproteins is central to insensitivity in schistosomes to the anti-schistosomal drug praziquantel. [83, 84] Interestingly, both genetic polymorphism and transcriptional variation have been postulated to explain why a recombinant vaccine designed against a schistosome tetraspanin was ineffective in experimental schistosomiasis japonica, while efficacious in schistosomiasis mansoni. [85, 86] Future basic research will need to address these important issues, as well as providing further in depth studies of parasite annexins, including their tissue distribution, validation of their unique structural elements, analysis of their functional characteristics, and testing of their efficacy as vaccine and drug targets. The first steps in this direction are under way in our laboratories. The crystal structure of human annexin A8 (PDB accession code 1w3w) was chosen as a template to model T. solium annexin B1 based on its amino acid sequence identity (40%) which was found to be the highest of all annexins with known three-dimensional structure. A structure-based amino acid sequence alignment of the two proteins was obtained as described above, and subjected to comparative modelling calculations with MODELLER. [87] Twenty independent models were computed, restraining the predicted α-helical segment in the linker region to α-helical geometry.
The model with the lowest energy was selected, and the overall geometry was scrutinized with PROCHECK. [88] The N-terminal first 23 amino acid residues are not present in the model due to the absence of the N-terminal domain in the template. Minimum evolution phylogenetic tree of selected invertebrate annexins. For accession numbers see Table 1 .
Multiple sequences were aligned using the Clustal W1.8 algorithm on the EBI server (http://www.ebi.ac.uk/Tools/clustalw2/index.html). Phylogenetic analysis was performed using MEGAv4.0 software for Molecular Evolutionary Genetics Analysis [93] to compare annexin sequences from selected lower metazoans. The sequences were identified from public databases by BLAST searches. A minimum evolution phylogenetic tree was constructed using the JTT substitution model, and uniform rates among sites were assumed. The dataset was bootstrapped 1000 times, with the resulting percentage values shown on branches of the tree. The tree is midpoint-rooted.
Figure 3
Structure-based amino acid sequence alignment of the linker region between repeats II and III of alpha giardins. The predicted α-helical secondary structure elements are indicated in green. For accession numbers see Table 1 .
Genbank (http://www.ncbi.nlm.nih.gov/Genbank), the schistosome (http://www.schistodb.org) and Giardia (http://giardiadb.org) databases were mined for annexins from individual organisms.
Secondary structure elements of proteins were predicted using PSIPRED, [94] and structure-based sequence alignments were generated manually. The nomenclature used for parasite annexins in this manuscript is for temporary reference only.
Figure 4
Structure-based amino acid sequence alignment of the linker region between repeats II and III of selected invertebrate annexins. Predicted [94] α-helical secondary structure elements are indicated in green. For accession numbers see Table 1 . Note that sequences represent putative predictions derived from automated genomic analyses. 
